We have investigated the efficiency of packing by calculating intramolecular packing density above and below peptide planes of internal ,8-pleated sheet residues in five globular proteins. The orientation of interest was chosen to allow study of regions that are approximately perpendicular to the faces of P-pleated sheets. In these locations, nonbonded van 
However, high-density packing tends to occur toward the ends of 3-structure strands where hydrogen bonds are more likely to involve nonpolar side-chain groups or solvent molecules. These features result in internal protein folding with a central low-density core surrounded by a higher-density subsurface shell, consistent with our previous calculations regarding overall protein packing density.
The details of three-dimensional molecular architecture are now known for numerous proteins that have been studied by x-ray crystallography. This information has allowed analysis of the final results of protein folding. Comparison of the folding patterns of a number of structures has been used to generate algorithms for prediction of secondary structural elements with some success. However, the folding of individual domains to create a final tertiary protein structure has remained a more elusive problem. The current study was undertaken to investigate packing densities near ,3-pleated sheets in the interior of globular proteins, focusing on regions where nonbonded interactions predominate.
Protein structures are folded compactly (1) . By analyzing 75 nonhomologous protein structures, Williams et al. (2) found an average of only one buried water molecule for every 27 residues. Klapper (3) calculated the packing fraction-the ratio of the volume occupied by a protein's constituent groups of atoms to the protein's molar volume-for a number of proteins and found values of 0.75 ± 0.03. Dividing ribonuclease into groups of 5-25 atoms, Richards (4) reported packing fractions in small intramolecular units ranging from 0.66 to 0.84. Less densely packed areas were observed near the active site groove, which was surrounded by a more densely packed shell. We previously calculated internal packing densities of proteins to be 1.05-1.23 g/cm3, considerably lower than the observed values of 1.33-1.42 g/cm3 (5) . Kuntz (6) also found the density within carboxypeptidase to be inhomogeneous. In 17 predominately hydrophobic regions (10-120 atoms), the calculated average density was 0.93 g/cm3; the density of the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
rest of the protein would need to be 1.55 g/cm3 to equal the observed overall density of 1.39 g/cm3.
To further evaluate regional density and intramolecular packing within the interior of protein molecules, we focused upon submolecular areas of B-structure in five globular proteins. Cylindrical regions were centered at the peptide bonds linking /B-pleated sheet residues in the interior of each protein.
Packing density was determined for the spaces above and below the peptide planes-regions approximately orthogonal to the curved surface of the 3-sheet itself. These areas allow analysis of packing in regions primarily determined by interaction of nonbonded atom groups.
MATERIALS AND METHODS
Protein Coordinates. The coordinates of all nonhydrogen atoms of the following five globular proteins at 2.0-A resolution were used in this study: ribonuclease S (7), hen egg white lysozyme (8) , a-chymotrypsin (9) , subtilisin BPN' (10) , and carboxypeptidase A (11) . Each of the coordinate sets used in this study had been subjected to refinement by Diamond's model building computer program (12) . In addition, the coordinates of chymotrypsin and lysozyme underwent a real space refinement (13) and Levitt's and Lifson's energy minimization program (14) . While Bondi (15) and by Richards (4 A series of cylinders and cylindrical rings were defined centered at the midpoint of the peptide C-N bond and having as an axis a line perpendicular to the peptide plane passing through this point-the z axis in the standard orientation (see Fig. 1 ). The series consisted of the cylinder with a radius of 1 A (zone 1) and the cylindrical rings with radii of from 1 to 2 A (zone 2), from 2 to 3 A (zone 3),... from 5 to 6 A (zone 6). (Only zones 1, 2, and 3 are shown in Fig. 1 .) Each zone was divided into six regions by passing planes perpendicular to the z axis at z = 6, 4, 2, 0, -2, -4, and -6 A. The substrate (11) . One might speculate that the adjacent lowdensity facilitates this motion.
a-Chymotrypsin. The 3-pleated sheet structure of a-chymotrypsin forms two distorted cylinders (9) . Densities of the Z1, +4 to 6, submolecular regions are shown Fig. 4 . The center of the cylinders are low-density regions that contain a core of hydrophobic side chains (9) . On the outside of the cylinders, the region of cylinder 1 to cylinder 2 contact is in a more densely packed environment. Five water molecules are buried in this intercylinder region, three of which contribute density to our submolecular regions. The particularly high-density regions near peptides 225-229 occur internal to the active site region. High-density packing internal to the active site residues was observed in all proteins included in this study.
Lysozyme and ribonuclease. Similar findings were observed upon analysis of the two smaller proteins (lysozyme and ribonuclease) included in this analysis. The general patterns of a central core of low density, low density near the active site groove, and subsurface higher density were also noted in these proteins, although the trends were less obvious since fewer residues met the criteria for inclusion in the calculations.
DISCUSSION
We have developed a new method for calculating local packing density in globular proteins. The approach taken differs from previous methods (3, 4, 19, 20) because (i) it does not require assumptions regarding the structure of a solvent shell at the surface of the molecule, (ii) it is less dependent on the correct assignment of van We also documented the trend reported by Richards (4) that the active site groove is a loosely packed region, consistent with motion of local groups in facilitating substrate binding. We also found densely packed regions immediately internal to the catalytic residues. Efficient packing at this location may ensure proper arrangement of the side chains involved in catalysis.
High-and low-density regions occur in patterns with respect to the 3-pleated sheet structure of the molecule. High-density regions were found toward the ends of ,3-structure sequences. At these locations, the regular backbone-to-backbone hydrogen bonding pattern of the sheet is interrupted. Although all potentially available main chain groups participate in hydrogen bonds, those near the surface are likely to involve side chains or solvent molecules. These pairs are less constrained geometrically than are the main chain hydrogen bonding groups at the center of a 3-sheet. Low-density areas tend to occur in the central regions of the large 3-sheets where interstrand hydrogen bonding is maximized. In these regions, improved van der Waals packing interactions might strain or break hydrogen bonds; hence, the smaller energy stabilization from potential van der Waals interactions is apparently sacrificed. In some cases, a well packed structure would not have to compete with formation of good hydrogen bonds, but maintaining an intact network of hydrogen bonds may limit opportunities for close packing within the 3-structure.
We have found that an isolated 13-pleated sheet inside typical protein molecules is an inhomogeneously packed structure. Effective van der Waals stabilization generally involves interactions with groups distant in the polypeptide sequence. Conformational energy calculations on the regular 13-sheet structure of poly(L-alanine) (22) 
